The effects of shear reinforcement quantity on the shear capacity of Polypropylene Engineered Cementitious Composites (PP-ECC) beams were investigated in this study. A RC control beam was prepared with a shear reinforcement ratio of 0.42%. Five additional PP-ECC beams were fabricated with shear reinforcement ratios ranging from zero to 0.42%. One additional RC beam without shear reinforcement was also prepared for comparison. The experimental results showed that the shear carried by the PP-ECC decreased as the shear reinforcement ratio was increased. This was caused by the sliding on the critical crack surface that damaged the PP fibers bridging on the crack. If the reduction of shear carried by the fibers due to the increase in shear reinforcement was not considered, there could be overestimation of shear strength for PP-ECC structural members.
INTRODUCTION
Polypropylene Fiber Reinforced Engineered Cementitious Composites (PP-ECC, hereafter), is a group of ECCs that exhibits multiple fine cracking, pseudo strain hardening behavior and high ductility under uniaxial tensile loading. It has higher tensile strength compared to normal concrete and can reach ultimate tensile strain between 1% and 5% under monotonic loading. Its pseudo strain-hardening behavior results from its unique multiple fine cracking mechanism, in which closely spaced fine cracks form because of the bridging action of fibers 1) , 2) . Different from the normal concrete in mixture, ECC generally uses fine aggregates and relatively low volume fractions of short and random fibers (approximately 2% to 3%). Due to the absence of coarse aggregate, the elastic modulus of ECC is comparatively lower than that of normal concrete while its compressive strength is equivalent to that of normal concrete.
So far, various types of fibers have been utilized to produce ECCs, including steel, carbon and polymer fibers 1) . Most structural and retrofit application of ECC reported in the literature use ultra-high molecular weight polyethylene (PE) and polyvinyl alcohol (PVA) fibers. Compared with widely used PVA fibers, polypropylene (PP) fiber is softer, costs lower and disperses faster, which all results in better workability. In addition, because of the hydrophobic and non-polar nature of PP fiber, PP-ECC has better durability in an alkaline environment 3) . In this research, a cementitious composite combined with fabricated polypropylene fibers with improved bond properties ( Fig. 1 ) that exhibits the pseudo strain hardening and multiple fine cracking of ECCs 4) was used. The properties of PP fiber are shown in Table  1 .
Up to now, ECC has been proposed to be employed in constructions, where controlled crack growth can enhance the resistance against spalling and corrosion of rebars and where the enhanced ductility can be utilized. Nevertheless, the use of ECC in structural members such as beams carrying long-term loads should be done with caution due to its serious creep. The steel reinforced ECC (R/ECC) structural members such as column and beam-column joints with reduction of shear reinforcements 5), 6) have been confirmed in previous studies; however, the shear behavior of ECC beams with reduction in shear reinforcements has not been completely clarified yet. To further assess the shear behavior of R/ECC, several Ohno shear beams were tested and reported by RILEM 7) . The shear strength of the tested beams was predicted by employing the truss-and-arch model with reduced tensile strength which was obtained from the uniaxial tensile tests 7) . However, Kabele and Kanakubo 8) revealed that only a fraction of ECC's tensile strength and strain capacity might be utilized in shear elements due to possible damage in the bridging fibers on sliding crack surfaces. Moreover, Suryanto et al. 9 ), 10), 11) further investigated the shear capacity and failure mechanism of PVA-ECC and correlated them with existing experimental data by utilizing an explicit shear transfer model and anisotropic stress-strain fields. The study showed that the failure mechanism of R/ECC beams was not only due to the breakdown of tensile stress transfer at cracks, but also to shear transfer mechanisms, which indicated that the shear capacity of R/ECC member might have occurred prior to the tensile strength of ECC by inducing a reduction factor to account for this mechanism. Therefore, investigating the factor that lead to the reduction of PP-ECC tensile strength is the key to the precise evaluation of the shear strength.
In this research, five PP-ECC and two normal RC beams with varying shear reinforcement ratios were tested to clarify shear behaviors. The tensile properties of ECC were obtained from uniaxial tensile tests.
UNIAXIAL TENSILE TESTS OF PP-ECC
Tensile behavior, as one of the most important characteristics of ECC, was investigated by uniaxial tensile tests. The PP-ECC material used in this research is a class of short-fiber, randomly distributed cementitious composites with 3% fiber volume fraction. The polypropylene fiber has a diameter of 36 μm and a length of 12 mm. The modulus of elasticity and tensile strength of this fiber are 5 GPa and 480 MPa, respectively. This fibrillated polypropylene fiber with rugged surface as shown in Fig. 1 results in improvement of bond properties and exhibits the pseudo strain hardening and multiple fine cracking of ECC under tensile stress 3) . The mixture proportion of PP-ECC used in this study is shown in Table 2 . It should be noted that, unlike concrete, the compressive strength of ECC is not only affected by water-to-cement ratio, but also other factors, such as tensile strength of fiber, compressive strength of matrix, bonding strength of fiber with matrix, the volume fraction of fibers, air content, etc. 4), 12) The air content of PP-ECC used in this study is around 10%.
(1) Specimen layout and test method
The tensile properties of PP-ECC were also inspected by employing the uniaxial tensile method. The specimens for uniaxial tensile tests were plates with cross sectional size of 76×13 mm, as shown in Fig. 2(a) . The epoxy was used to glue both sides of the plate specimens with aluminum plates so that they could be hinged with loading steel by two bolts at each side. Then the specimen together with fixed loading steel was set into testing facility.
Two linear variable differential transformers (LVDTs) set parallel to the loading direction at both sides, as shown in Fig. 2(b) , were used to measure the axial deformation, with 0.1 mm/min selected as the head speed of loading facility.
(2) Test results
Tensile stress versus strain curves of the three specimens are shown in Fig. 3 . The test result clearly shows typical pseudo strain hardening behavior of ECCs. From the beginning of the tests, the stress continued to increase until the first crack appeared. The stress then suddenly decreased, whereas it continued to increase after this sudden decrease as a result of the occurrence of the first crack. As the loading continued, the increase and sudden decrease of stress continued to take place. Meanwhile, more and more fine cracks were observed on the surface of the specimen. At around 3% strain, a localized crack gradually formed and the stress began to decrease slowly. The tensile yield strength is determined as the lower value immediately after first cracking based on the stress-strain relationship. The tensile strength is defined as the maximum stress in the tensile stress-strain curve obtained from uniaxial tensile tests. In this study, the yield and tensile strength were greater than 2 and 3 MPa, respectively.
BEAM TESTS PROGRAM
(1) Steel reinforcements A regular deformed steel reinforcing bar with nominal diameter of 25.4 mm and yield strength of 400 MPa was used for longitudinal reinforcement in the tension side for all specimens while a round steel bar with diameter of 6 mm and yield strength of 277 MPa was used for longitudinal reinforcement in the compression side. All specimens used deformed bars with nominal diameter of 6.35 mm and yield strength of 323 MPa as shear reinforcements. The type and properties of all steel bars used in these seven beam specimens are summarized in Table 3 .
(2) PP-ECC and concrete
The PP-ECC material used in this research is as described in Chapter 2. The mixture proportion of PP-ECC used in this study is shown in Table 2 . After casting fresh PP-ECC, it was poured into the formwork by moving the pouring position continuously along the direction of the beam axis.
For normal concrete beams, concrete with a design compressive strength of 27 MPa was used. Mixture components include 20 mm maximum size coarse aggregate, fine aggregate and high-early strength cement. Table 4 gives the mix proportion of normal concrete. Table 5 , were tested by four-point loading method as shown in Fig. 4 . The designations of these seven specimens were selected according to their matrix type and shear reinforcement ratio. 'RC' and 'RE' indicate that the matrix type of the specimen was 'Reinforced Concrete' and 'Reinforced ECC', respectively. Except in the case of control beam (RC-Ref), the latter digit in specimen designations indicates the shear reinforcement ratio, e.g., RE-24 refers to a specimen with shear reinforcement ratio of 0.24% using steel reinforced ECC.
All beam specimens had the same cross-sectional dimension (150×300 mm), longitudinal reinforcements and shear span-effective depth ratio. The normal concrete beam, RC-Ref, by providing exactly the equivalent amount of shear reinforcements in both shear spans symmetrically, was considered to have failed in shear prior to the flexural failure following JSCE specification 13) . The calculation of stress in shear reinforcement also followed JSCE specification 13) for RC structural members, by assuming that the stresses of shear reinforcements crossed by the 45 degree inclined crack yielded. Therefore, the calculated shear force taken by shear reinforcements is explicated by Eq. (1):
where, A w is the total cross sectional area of the shear reinforcements placed at spacing s s ; f wy is the yield stress of shear reinforcements; α s is the angle of shear reinforcements to the member axis, which was taken as 90 degree in this study; s s is the spacing of shear reinforcements; and z is the distance from the loca- *Tensile strength was obtained by split compression method. The rest were tested by direct tensile tests as described in Chapter 2. V exp is the peak shear force taken by specimens during the tests. pacity with the specimen RE-00 with identical reinforcement but using matrix of PP-ECC. The dimension and reinforcement arrangement are shown in Fig. 6 . For the remaining three PP-ECC beam specimens, the shear reinforcement ratios varied from 0.30% to 0.12%. All shear reinforcements were uniformly arranged within the shear span as shown in 
(4) Test setup and procedure
The arrangement of test setup is shown in Fig. 4 . The beam was subjected to a four-point bending load. The distance of 200 mm between two loading points was fixed for all specimens. To reduce the horizontal friction between supporting points and the beam specimen, the Teflon sheets were placed between supporting points and a specimen. The shear span-effective depth ratio a/d for all specimens was 2.8. Two LVDTs were used to monitor the displacement in the midspan, and another two LVDTs were attached to the supporting points at two sides of the specimen to measure the displacement. As for all specimens, two strain gauges were attached at the center of two tension rebars. For shear reinforcements within shear span, there were strain gauges attached at the region where a diagonal crack was expected to occur. The locations of strain gauges are shown in Figs. 5, 6 and 7. All specimens were applied with a monotonic load up to the failure.
THE RESULTS OF BEAM TESTS AND DISCUSSIONS (1) Load-deflection behaviors and failure modes
The experimental load versus midspan deflection curves for all specimens involved in this study are shown in Figs. 8 and 9. The midspan deflection was the average value of displacements obtained by two LVDTs, which were set at the center on both sides of a beam. The results of all specimens including material tests are summarized in Table 6 . The shear carrying capacity obtained by comparing ECC specimens with the RC control beam is shown in Fig.  10 . Figure 11 shows the failed span at the ultimate stage after the loading test. The steel tension rebars for six specimens with shear reinforcements reached yielding strength at their peak loads but soon decreased with the increase in load as well as development of localization of a critical crack, indicating the shear failure in all specimens. As for the steel reinforced concrete beam RC-Ref, the first crack appeared in the constant moment region at a load of 54 kN, then inclined shear cracks were induced and propagated with increasing load. The ultimate load capacity of RC-Ref was 234.1 kN. After the peak load, the beam finally gave in as the concrete crushed and spalled in the compression zone of the shear span near the loading point.
Beam RE-42 had a reinforcement layout similar to that of RC-Ref, except for a different matrix; however, the ultimate load capacity was 20.6% higher than that of RC-Ref, which was 282.2 kN. The first crack load of RE-42 was 86 kN, which was 32 kN greater than that of RC-Ref. Beyond the cracking load, the flexural stiffness decreased slightly but continued to be almost constant up to the failure. Several diagonal cracks developed in the shear span, forming as extension of flexural cracks. These shear cracks bent following the compressive stress trajectory with the increase in load. Because of the lower shear span-depth ratio a/d (2.8 for all specimens), the beam flexural capacity cannot be fully developed, and then the shear capacity dominates the ultimate load-carrying capacity. The failure of RE-42, similar to that of RC-Ref, was initiated by the crushing of ECC at the top compression side of the main shear crack.
RC-00 and RE-00 were a pair of counterpart beam specimens without shear reinforcements. RE-00 exhibited load-displacement behavior similar to that of RC-00 before the diagonal cracking. Compared with commonly known brittle mode of shear failure such as what occurred in RC-00, the shear failure of RE-00 was comparatively gentle and slow. This is due to the bridging effect resulting from the PP fibers. At the beginning, vertical flexural cracks first appeared at the tensile side of the beam. When the principal tensile stress within a shear span exceeded the cracking strength of ECC, a diagonal crack propagated through the beam web. Instead of several wide cracks appearing, numerous fine cracks developed in the ECC beams and they spread throughout the shear span. The shear resistance of the ECC beam was significantly increased by the bridging force carried by the fibers. The peak load of RE-00 was 208.76 kN, compared to that of concrete control beam with shear reinforcements (RC-Ref) wherein the load and deflection capacity only decreased by 10.8% and 6%, respectively. However, compared to another counterpart concrete beam without shear reinforcements (RC-00), the load and deflection capacity of RE-00 increased by 107.6% and 85.2%, respectively.
With various shear reinforcement ratios between the level of control beam and zero, specimen RE-30, 24 and 12 had shear failure similar to that of RE-42. The stiffness of these three beams was found to be slightly higher than that of RE-00 but lower than that of RE-42. The maximum load carried by RE-30, 24 and 12 were 261.1, 250.5 and 252.1 kN, respectively.
The failure mode for all specimens was shear tension failure in spite of the crushing of concrete or PP-ECC adjacent to the loading points. This is because even in four-point loading tests of RC beams with a/d > 2.5, the concrete was always observed to have crushed near the loading points. It is difficult to judge shear tension or compression failure only by the crushing of concrete at the compression zone. Once shear reinforcements crossed by the critical diagonal crack yielded, the stress along the critical crack will be redistributed to these factors, such as the intact portion in the compression zone and fiber bridging effect, which may result in the crushing of the intact portion of the compression zone near the loading points. In the RE-series of this study, all the peak loads occurred after the yielding of shear reinforcements. Therefore, all RE specimens were considered to have developed shear tension failure.
(2) Cracking behavior during loading Figure 12 presents visible cracks of all specimens at the peak load as well as the critical crack that developed after the peak load in the interest zone as shown in red, bold lines. The interest zone for investigation was the zone between the longitudinal tension and compression bars with height from 50 to 250 mm. The portion above the interest zone adjacent to the loading plates was considered as the dominant compression zone where the concrete crushed. In addition, since the tip of the diagonal tension crack stopped propagating at the level of the longitudinal tension rebars, therefore the level of tension rebars was considered as the lower boundary of the interest zone.
For the RC beams, only one diagonal crack formed at the peak load. Since four to six predominantly inclined cracks developed at the web of the beam before the load capacity in each PP-ECC beam, the main diagonal crack was difficult to identify. After the peak load, as the loading further progressed, these inclined cracks propagated to both supporting and loading plates and the main diagonal crack became more and more distinguishable among these inclined cracks. All five PP-ECC beams exhibited cracking behavior in a similar way. Figure 13 shows the development of cracking in beam RE-42 in the loading test. Initially, a number of flexural cracks became visible at the edge of beam that was subjected to tension. At the load level of 106 kN, the first inclined crack A (A in Fig. 13(a) ) appeared. As the loading went up to 170 kN, three more inclined cracks (B, C and D in Fig. 13(b) ) had been formed. The inclined cracks that appeared initially had angles ranging from 40° to 50° to the member axis. As the loading progressed, the tip of these cracks began to propagate to the supporting and loading plates (E in Fig. 13(b) ) and some inclined cracks merged with the other existing ones (white dashed-line circles in Fig. 13(c) ). The peak load of the beam was reached before the full development of cracking propagation. Immediately after the peak load, an inclined crack, as shown in red-dashed, bold line in Fig. 13(c) , propagated into the uncracked compression zone up to the loading plates. Meanwhile, the critical crack began to be localized and propagated to the loading plate earlier than it could come near the supporting plate. Upon investigating the area where the critical crack crossed the tension rebars, a number of cracks due to the dowel force developed parallel to the tension rebars and propagated to merge with the inclined cracks (F area in Fig. 13(c) ).
According to the above-mentioned cracking behavior of RC and PP-ECC beams, the failure mechanism of these two types of beams was considered as follows:
For the RC beams, during the propagation of the critical crack, the opening at the critical crack tip RE-12 simultaneously induced the sliding along the crack surfaces between the crack tip, which in turn developed a significant degree of shear resistance because of the aggregate interlock and rough planes of crack surfaces. The shear resisting factors incorporated shear reinforcements, aggregate interlock along the crack surfaces, dowel action of longitudinal tension rebars and uncracked compression zone. When the critical crack propagated, the maximum shear carrying capacity of RC beam was achieved. For PP-ECC beams, due to the absence of coarse aggregate, the aggregate interlock effect in PP-ECC beams was significantly weakened. Nevertheless, the fiber bridging contributed substantially to shear transfer resistance. Thus, the shear resisting factors of PP-ECC beams with shear reinforcements during the propagation of shear cracks incorporated shear reinforcements, weakened interlock along the crack surfaces, fiber bridging, dowel action of longitudinal tension rebars and uncracked compression zone. The maximum shear capacity of PP-ECC beams was achieved when the critical crack propagated into the uncracked zone, which led to a sliding failure through the compressive strut.
(3) Investigation on behavior of critical crack
In all five PP-ECC beams, three types of crack paths in the critical crack were observed. Therefore, the critical crack was divided into three regions, namely, Regions 1, 2 and 3. For beam RE-42 and RE-12, three regions were divided as shown in Fig.  14 . In Region 1, the inclination of the crack surface was comparatively flat. The crack surface in this region was smoother than that in Region 3. Compared to Region 2, there are fewer ruptured PP fibers extending out of the crack surface, as shown in Fig.  15(a) . Some remaining fibers extended out of crack surface oriented to the direction of relative displacement of two surfaces that occurred as shown in Fig. 15(a) . In Region 2, the angle of crack to the beam axis was about 45°. Compared with Region 1, fibers out of the crack surface increased and they tended to be perpendicular to the crack surface, as shown in Fig. 15(b) . In Region 3, the critical crack formed at the level of tension rebar, and the surface of crack was jagged and a number of fine cracks occurred close to the critical crack. The quantity of visible fibers in this region was the highest among these three regions. Most fibers were oriented perpendicular to the crack surface, as shown in Fig.  15(c) . Since the tension rebars crossed the critical (a) Opening (b) Sliding crack, the jagged crack was considered to have formed because of the dowel action of the longitudinal bars, which tended to peel off the cover of the ECC. It was postulated that the damage induced by the ruptured PP fibers resulting from the sliding on the critical crack surfaces for each PP-ECC beam at the peak load was different. Therefore, more significant sliding on the critical crack surfaces could be observed at the post-peak stage in the PP-ECC beam due to more ruptured fibers at the peak load. Therefore, to further investigate the damage induced by the sliding of the critical crack surfaces in the post-peak stage, the grid with unit square size of 50mm×50mm was marked on the side surface of the beam specimens prior to the loading tests. Those points where the critical crack intersected with the grid lines parallel to the beam axis at different beam heights were selected as sample points for investigating the cracking behavior. Specifically, the digital images, which were taken by the digital cameras per 10 kN from the start of loading tests up to the unloading, were implemented to locate these sample points for further investigation of the opening and sliding. At the load level for investigation, the corresponding images taken at that load level were enlarged to evaluate these sample points manually. However, it should be noted that, because the inevitable error during this process affected significantly by the accuracy of values of opening and sliding when the displacement of critical crack was insignificant, only the images showing the significant displacement of the critical crack in the post-peak stage were utilized to investigate the opening and sliding in this study.
The horizontal (Δx) and vertical displacements (Δy) as shown in Fig. 16 were measured first according to the desired load level. Then the resultant displacement (ΔL) of a sample point and its angle (α) to the horizontal axis can be calculated by Eq. (2) and Eq. (3), respectively. 2 2
The resultant displacement consists of two displacements resulting from the crack opening (δ op ) perpendicular to the critical crack surfaces and crack sliding (δ sl ) parallel to the critical crack surfaces. According to Fig. 16 , the opening and sliding of the critical crack could be calculated by Eq. (4) 
where δ op and δ sl are the opening and sliding of the critical crack, respectively; θ is the angle of resultant displacement to the crack surface and can be obtained by Eq. (6):
where β is the average angle of the critical surface to the horizontal axis in one grid. The calculated opening and sliding of the critical cracks along the height of a beam in the interest zone for four PP-ECC beams (RE-42, RE-30, RE-24 and RE-00) at the load level of 160 and 130 kN in the post-peak stage are presented in Figs. 17 and 18 , respectively. By comparing the cracking behaviors at the load level of 160 and 130 kN in the post-peak stage, not only the values of the sliding in all specimens but also the opening at the beam height of 50 mm, where the longitudinal reinforcements were arranged, increased significantly as the loading progressed in the post-peak stage. However, the significant increase in the opening at the beam height of 50 mm resulted from the flat critical crack due to the dowel action of longitudinal reinforcements. From the load level of 160 kN to 130 kN in the post-peak stage, the increase in opening was slight while the increase in sliding was significant, which indicates the damage of sliding on the bridge effect is more significant.
In addition, the significantly increased sliding in PP-ECC beams with varying shear reinforcement ratios also indicates the different damage level in PP-ECC beams. As shown in Figs. 17 (b) and 18 (b) , the sliding on the critical crack surfaces in PP-ECC beams relates to shear reinforcement ratio, and it becomes more significant when the shear reinforcement ratio increases. Meanwhile, it indicates that the damage level in PP-ECC beams at the peak load with higher shear reinforcement ratio is more significant.
(4) Shear cracking angle of PP-ECC beams
As shown in Fig. 12 , the angles of the critical cracks in the interest zone at peak load for five PP-ECC beams were measured. Each angle was determined as the beam axis to the line that linked the points crossed by the critical cracks in the upper and lower boundary of the interest zone. The angles of critical cracks to the beam axis for five PP-ECC specimens are listed in Table 7 . The relationship between the angle of critical crack and shear reinforcement ratio, as shown in Fig. 19 , reveals that the critical cracks of PP-ECC beams with more shear reinforcements become steeper, which implies that the development of critical cracks was suppressed in PP-ECC beams with increasing shear reinforcement ratio r w . The steeper critical cracks result in shorter diagonal crack length and thereby reduced the shear carried by PP fibers in ECC.
(5) Effect of shear reinforcement ratio
As confirmed by previous extensive experimental studies 16) , for RC beams with shear reinforcements governed by shear failure, the shear capacity will increase significantly with the increase in shear reinforcement ratio. Figure 20 shows the relationship between shear capacity of beams and the quantity of shear reinforcements in this study, in which, V u is the maximum shear applied to specimens, r w is shear reinforcement ratio, and f yw is the yield strength of shear reinforcement. The shear capacity of PP-ECC beams did not increase significantly as that of RC beams with the increase in shear reinforcement ratio. It appears possible that the shear capacity of RC beams with high shear reinforcement ratio would exceed that of PP-ECC beams according to the trend shown in Fig. 20 . However, due to the lack of experimental data, this needs to be confirmed in a future study.
Although the shear capacity of RC beams increases with the increase in shear reinforcement ratio, it should be noted that the shear taken by concrete can be assumed to be almost constant with varying shear reinforcement ratio, which has been experimentally demonstrated. In JSCE code 13) , the shear taken by concrete (V c ) was defined as Eq. (7):
where V c is the shear force carried by concrete (N), f' c is compressive strength of concrete (MPa), d is effective depth (m), p w is longitudinal reinforcement ratio, and b w is the web thickness (mm). The experimental shear carried by shear reinforcements (V s_exp ) can be obtained from the strain of shear reinforcements, which the critical diagonal crack crossed. The strain of shear reinforcements was captured by strain gauges attached on the shear reinforcements during the tests. Thus, the shear carried by shear reinforcements (V s_exp ) can be formulated by Eqs. (8) and (9).
where n s is the number of shear reinforcements crossing the critical crack, σ si is the stress of shear reinforcement crossing a critical crack at the peak load, A w is cross sectional area of a pair of shear reinforcements within s (mm 2 ), E s is the elastic modulus of shear reinforcement, ε s is the stirrup strain recorded in the tests, and ε y is the yielding strain of shear reinforcements listed in Table 3 . It should be noted that in all PP-ECC specimens with shear reinforcements, according to experimental data recorded by the data-logger, the values of all strain gauges attached on stirrups in the shear span, which were crossed by the critical diagonal cracks, including the strain gauges which were not exactly crossed by the critical diagonal cracks, exceeded the yield strain at their peak load. Therefore, the prediction was not affected significantly by the exact location of the strain gauges. The total shear force carried by PP-ECC and RC beams can be formulated by Eqs. (10) and (11), respectively. (11) where V ECC_exp is the experimental shear carried by ECC for PP-ECC beams, and V c_exp is the experimental shear carried by concrete for RC beams. From Eqs. (8) to (11), V ECC_exp and V c_exp can be calculated by Eqs. (12) and (13), respectively.
The experimental value of shear taken by shear reinforcements and matrix (ECC or concrete) is listed in Table 8 . The experimental shear resisting components versus shear reinforcement ratio (r w ) for RC and PP-ECC beams were plotted and are shown in Figs. 21 and 22 , respectively. For two RC beams, as shown in Fig. 21 , the shear taken by concrete was almost constant even with varying shear reinforcement ratios, while the shear taken by shear reinforcements (V s_exp ) increased proportionally to the shear reinforcement ratio. For five PP-ECC beams, as shown in Fig. 21 , the tendency of shear carried by PP-ECC was decreasing with the increase in shear reinforcement ratio while the shear force carried by shear reinforcement increased with the increase in shear reinforcement ratio. Since the increase in shear force carried by shear reinforcements was more significant than the decrease in shear carried by PP-ECC, consequently the reinforcing effect of shear reinforcements in PP-ECC beams is not as significant as that of RC beams.
In a previous study 11) , it was revealed that the increase in anisotropic level of reinforcements in R/ECC structural member, or the decrease in shear reinforcement ratio, decreases the shear capacity, while the contribution of ECC to overall shear capacity increases. The shear capacity of PP-ECC beams observed in this study also agrees with the shear prediction in Suryanto's study 11) . However, further comparison with Suryanto's study 11) showed that the reduction in the shear capacity carried by PP-ECC with the increase in shear reinforcement ratio in this study is more significant. This significant reduction may result from the more significant variation in the anisotropic level of reinforcements in R/ECC specimens in this study. As Suryanto et al. 11) observed, the stress-carrying mechanisms of ECC rely more on the actions of compression and tension, while the increase in anisotropic level decreases compressive strength. According to this finding, more significant increase in shear reinforcement ratio significantly decreases the compressive strength and therefore decreases the shear capacity carried by PP-ECC.
EVALUATION OF REDUCTION ON SHEAR CARRIED BY PP-ECC
So far, several researchers 9), 15) have attempted to develop models to evaluate the shear strength of PP-ECC structural members. The currently available simplified models are the truss-and-arch model based on the recommendation of AIJ for RC structural 17) , and the modified truss model recommended by JSCE, which incorporated an equation accounting for the shear carried by fibers (V f ). Both models mentioned above incorporated the shear carried by fibers independently by employing an equation. In this study, the shear carried by PP-ECC structural members followed the Recommendations for Design and Construction of HPFRCC by JSCE 14) . JSCE recommendations 14) evaluate the shear strength of R/ECC beams by summing up the shear-resisting factors, as shown in Fig. 23 and expressed by Eq. (14) .
where V represents calculated total shear capacity of ECC structural member; and V c , V s and V f represent shear carried by members without shear reinforcements excluding the fiber effects, shear reinforcements and fibers, respectively. V c is similar to the equation that is defined in the JSCE code for RC structural members, but a reduction factor of 0.7 is incorporated because ECC allows cracks in service, which is expressed by Eq. (15). 
where V c is the shear carried by members without shear reinforcements excluding the fiber effects, f' ECC is compressive strength of ECC (MPa), d is effective depth (m), p w is longitudinal reinforcement ratio and b w is the web thickness (mm). The experimental and calculation values of shear carried by fibers can be obtained by Eqs. (16) and (17) .
where f ty is the yield tensile strength of ECC determined based on the stress-strain relationship immediately after the first cracking based on the testing method described in Chapter 2 (MPa) and β u is the angle of critical crack surface to the member axis, taking the value listed in Table 7 . Although tensile ductility is the main characteristic of ECC, it did not affect the shear capacity of PP-ECC beams. Based on the experimental observation, as described in Chapter 2, the ultimate tensile strain corresponding to the tensile strength was reached when a localized crack formed among multiple fine cracks. However, the critical crack of a PP-ECC beam could not be distinguished at the peak load even immediately after the peak load. It became a localized crack as the loading progressed in the post peak-stage. Therefore, it was supposed that the shear capacity was reached before the ultimate strain corresponding to the tensile strength. Reduction factor, v and V f_cal were calculated from Eqs. (14) , (9), (15) and (16) , respectively. As shown in Fig. 24 , unlike the calculated components of shear resistance in the JSCE recommendation 14) , the experimental value of shear carried by fibers decreased with the increase in shear reinforcement ratio in PP-ECC beams. This behavior is supposed to be the result of the shear-resisting component in the JSCE recommendation being a calculated rather than experimental value based on Eq. (17) .
For the shear carried by fibers, a reduction factor, which was defined as the ratio of experimental value to calculation value as expressed by Eq. (18) and listed in Table 9 , was used to account for the reduced shear due to sliding. As shown in Fig. 25 , the value of a reduction factor ranges from 0.32 to 0.54 and it trends to decrease with the increase in shear reinforcement ratio, which indicates that the shear carried by fibers in ECC beams with dense shear reinforcements is smaller than that with less shear reinforcements. However, the reduced shear carried by fibers due to the increase in shear reinforcement ratio was not considered in the JSCE code. This is because Eq. (15) was derived from the predictive Eq. (7), which is a predictive equation for shear capacity of concrete. Eq. (7) incorporated the interlocking action resulting from coarse aggregate. However, the difference between shear-resisting mechanisms in RC and PP-ECC is that, the opening induced sliding along the crack surfaces which, in turn, developed a significant degree of shear resistance because of the aggregate interlock in RC beams, while the opening induced sliding, which resulted in damage to the fiber bridging effect and the decrease in shear capacity in a PP-ECC beam. Consequently, the shear capacity of a PP-ECC beam was reached prior to the full exertion of tensile behavior. To reproduce this phenomenon, as shown in Fig. 25 , a reduction factor to V f is necessary to keep a safer prediction.
CONCLUSIONS
This paper describes the shear behavior of PP-ECC beam specimens with various shear reinforcement ratios by experimental investigation. A total of seven beams: two normal steel reinforced concrete and five steel reinforced PP-ECC beams, were tested under static monotonic loading condition. The following conclusions could be deduced: 1) Owing to the absence of coarse aggregates in PP-ECC, which affects its fiber bridging effect, the shear carrying capacity of the beam with shear reinforcements and without shear reinforcements increased 20.6% and 107.6%, respectively by replacing concrete with PP-ECC. The shear carrying capacity can be increased by replacing the cement matrix from concrete to PP-ECC, especially in the case of lower shear reinforcement ratio.
2) The damage to the fiber bridging effect induced by sliding on the critical crack surfaces in PP-ECC beams with higher shear reinforcement ratio at the peak load is more significant compared to those with lower shear reinforcement ratio. This is one of the factors for the decrease in the shear carried by ECC in PP-ECC with the increase in shear reinforcement ratio.
3) The angle of critical crack to the beam axis in PP-ECC beam decreases with the increase in shear reinforcement ratio, which simultaneously triggers a reduction in the shear carried by fibers along the critical crack. Again, this results in a decrease in the shear carried by PP-ECC with the increase in shear reinforcement ratio. 4) Unlike in the shear resisting proportion in RC beams, in which the shear carried by concrete is almost constant even with varying shear reinforcement ratios and the shear carried by shear reinforcement is proportional to the shear reinforcement ratio, the shear carried by ECC in PP-ECC beams decreases with the increase in shear reinforcement ratio. This decrease in shear carried by fibers results from the combined action of the reduction on shear carried by fibers along the critical crack and the increased damage to fiber bridging induced by sliding along the critical crack surfaces. 5) The current JSCE code does not take into account that due to sliding, the shear carried by fibers in ECC decreases with the increase in shear reinforcement ratio. This may result in an over-estimation of the shear capacity of PP-ECC structural members.
